Quorum sensing (QS) is a signaling process used by many bacterial species to coordinate gene expression within a population in response to changes in cell density (12) . QS systems are composed of two components, an autoinducer synthase enzyme that catalyzes the production of the signaling molecule (termed an autoinducer) and an inducible transcription factor that mediates the response to the autoinducer. Pseudomonas aeruginosa is a gram-negative pathogen that uses QS to control and coordinate the production of several factors needed to colonize and persist in a wide range of settings (20) . There are at least two complete QS systems in P. aeruginosa, named the las and rhl systems, both of which use acylated homoserine lactones as signaling molecules. The LasI and RhlI proteins catalyze the synthesis of N-3-oxododecanoyl homoserine lactone, also referred to as Pseudomonas autoinducer 1 (PAI-1), and N-butyryl-homoserine lactone (PAI-2), respectively. These autoinducers bind to and activate LasR and RhlR, respectively, two members of the LuxR family of helix-turn-helix (HTH) transcription factors (24) . LasR and RhlR primarily target genes encoding virulence factors and other proteins required for efficient host infection. Disruption of P. aeruginosa QS systems diminishes its virulence in plants and animals and inhibits biofilm differentiation (2, 16, 26) .
Although QS has primarily been examined in bacterial communication, a growing number of reports indicate that autoinducers may also modulate gene expression in cells of a host eukaryotic organism. For example, P. aeruginosa autoinducers can influence the production of several cytokines by immune cells both in vitro and in vivo (18, 19, 21, 28) . In addition, PAI-1 has been reported to increase interleukin-8 mRNA levels in epithelial cells through induction of the transcription factor NFB (19) and to increase the expression of cyclooxygenase-2 and prostaglandin E2 in lung fibroblasts (21) . Recently, PAI-1 was reported to affect apoptotic responses in macrophages and neutrophils (27) . It is unclear how the effects of autoinducers on mammalian cells are mediated and specifically whether the autoinducers enter mammalian cells and bind to and activate host regulatory proteins. However, the concept that interspecies and cross-kingdom signaling may occur through diffusible small molecules such as autoinducers is supported by two additional observations. First, the marine macroalga Delisea pulchra blocks infection by the plant pathogen Serratia liquefaciens by producing a halogenated furanone that acts as a competitive inhibitor of the bacterium's QS system (17) . Second, the mammalian hormone epinephrine can substitute for autoinducer in the QS system of enterohemorrhagic Escherichia coli (23) . Thus, autoinducers and hormones may be interchangeable in a language common to prokaryotes and eukaryotes.
In theory, bacterial autoinducers could elicit effects in eukaryotic cells through interactions with membrane-bound receptor molecules or through intracellular proteins. On the basis of the similarity between the mechanism of action of autoinducers in bacterial cells and that of eukaryotic hormones of the nuclear hormone receptor superfamily, we hypothesize that autoinducers function as ligands for as-yet-unknown eu-karyotic proteins. As an initial step in testing this hypothesis, we wished to determine whether autoinducers can indeed efficiently enter mammalian cells. To achieve this goal, we generated a set of chimeric proteins based on LasR and RhlR that could function as sensors of autoinducer action within mammalian cells. Our data demonstrate that both P. aeruginosa autoinducers can efficiently enter and function in mammalian cells.
MATERIALS AND METHODS
Construction of LasR-based expression and reporter plasmids. LasR coding regions were amplified by PCR from the pM63.9 plasmid (4), and primers were designed on the basis of the sequence of the LasR reported in the complete sequence of the PAO1 strain of P. aeruginosa (accession number AE004572). Both the full-length coding sequence (encoding amino acids 1 to 239) and the HTH domain (encoding amino acids 174 to 239) were amplified with primers designed to introduce a BglII site at the 5Ј end of the amplified region and a HindIII site immediately following the stop codon. Primers designed to generate fusion proteins containing an N-terminal nuclear localization signal (NLS) contained the sequence CCCAAGAAGAAGCGCAAGGTG, which encodes the minimal NLS from the simian virus 40 (SV40) T antigen (PKKKRKV) (8) . The amplified regions were sequenced in their entirety to preclude inclusion of unintended mutations and transferred as BglII-HindIII fragments into the pMEX-FLAG expression plasmid. pMEX-FLAG is a modified version of pMEX (34) that permits the attachment of an N-terminal FLAG epitope tag to expressed proteins. The VP16 transcriptional activation domain (TAD; encoding amino acids 429 to 456) has been described previously (33) and was transferred into NcoI-BglII-digested pMEX-FLAG-based plasmids as an NcoI-BamHI fragment. Multimerized versions of the VP16 TAD were generated by directional cloning of individual TAD modules as BglII-BamHI fragments.
The full-length RhlR coding region was amplified from PAO1 genomic DNA by PCR with the primers 5Ј-CGGTGCTGGCATAACAGATA-3Ј and 5Ј-CTG CGCTTCAGATGAGACC-3Ј. The PCR product was inserted into pGEM-T (Promega) and sequenced. The sequence matched exactly the RhlR sequence deposited in the Pseudomonas Genome Project database (www.pseudomonas .com). The full-length coding region of RhlR and the HTH domain (amino acids 178 to 241) were amplified and assembled into chimeric genes as described above for LasR. Plasmids were named on the basis of the presence or absence of a TAD (T) or NLS (N) and the identity of the LasR or RhlR sequences included. A LasR-responsive reporter plasmid was constructed by inserting either one or two copies of a palindromic LasR recognition sequence (LasBOX; Fig. 1B ) upstream of the minimal promoter from the rat albumin gene and the firefly luciferase gene by a strategy described previously (33) . The LasBOX sequence was based on a previously reported LasR consensus recognition sequence (32) . A control plasmid containing a mutated version of the LasBOX sequence (LasBOXm; Fig.  1B ) was also constructed. The LasBOXm sequence contains six nucleotide substitutions within the palindromic recognition sequence that should disrupt interactions with LasR.
Cell culture and transfections. The monkey kidney COS-1 cell line was cultured in Dulbecco's modified Eagle's medium (BioWhittaker, Walkersville, Md.) supplemented with 10% Cosmic Calf Serum (HyClone, Logan, Utah). The cells were transfected with 1 g (6-well dishes) or 0.6 g (24-well dishes) of plasmid DNA at approximately 30 to 40% confluency for immunocytochemical analysis and luciferase assays, respectively. The cells destined for immunocytochemical analysis were cotransfected with 0.1 g of pEGFP-N1 (Clontech, Palo Alto, Calif.) as a transfection control. Transfections were performed with the Effectene transfection reagents under conditions recommended by the manufacturer (Qiagen, Valencia, Calif.). Luciferase assays were performed with the Luciferase Assay Kit (Promega, Madison, Wis.). Transfections were performed in triplicate at least three times, and the results of representative experiments are presented. The natural ligands for LasR and RhlR (PAI-1 and PAI-2; Fig. 1C ) were purified from bacterial cultures as described previously (15) and were a kind gift of Barbara Iglewski and Luciano Passador (University of Rochester, Rochester, N.Y.). A derivative of PAI-1 (N-dodecanoyl homoserine lactone) that lacks the oxygen attached to position 3 on the acyl side chain of PAI-1 was obtained from Sigma (St. Louis, Mo.) and will be referred to as PAI-1*. This molecule has previously been shown to be an efficient ligand for LasR (1, 14) and functioned similarly to PAI-1 in all of our assays, except that higher concentrations of PAI-1* were required. Autoinducers were prepared for addition to culture media as described previously (14) . Briefly, the amount of autoinducer required to give the final concentrations indicated in each figure was first dissolved in ethyl acetate supplemented with 0.001% glacial acetic acid. The ethyl acetate was evaporated under a stream of nitrogen gas, and autoinducers were dissolved in the culture medium described above immediately prior to use. Autoinducers were added to culture medium 4 h after transfection, and control cells were cultured in the presence of the vehicle alone.
Immunocytochemical analysis. Cells were plated on coverslips in six-well dishes and transfected as described above. The coverslips were collected 24 h after transfection, and the cells were washed three times in phosphate-buffered saline (PBS) and fixed in 3.9% formaldehyde in PBS for 30 min. The cells were washed three more times with PBS and then incubated with a 1:250 dilution of the M2 anti-FLAG monoclonal antibody (Sigma) for 1 to 3 h. After washing in PBS-0.1% Tween 20, the cells were incubated with fluorescently labeled secondary antiserum (AlexaFluor 594 donkey anti-mouse immunoglobulin G [Molecular Probes, Eugene, Oreg.]) for 1 h, followed by three washes in PBS-0.1% Tween 20. The cells were observed by epifluorescence microscopy with an Axiovert 135 TV microscope (Zeiss, Göttingen, Germany). Anti-Flag immunoreactivity and green fluorescent protein were observed with standard Texas red and fluorescein filters (Zeiss). Images were captured with a Kodak DC290 zoom camera and analyzed with MetaMorph 6.0 (Universal Imaging Corporation, Downingtown, Pa.). 
RESULTS AND DISCUSSION
Construction and expression of chimeric eukaryotic-prokaryotic transcriptional activator proteins. The LuxR family of proteins consists of more than 15 proteins that function as ligand-activated transcription factors in QS systems of multiple bacterial species (24) . On the basis of sequence comparisons among family members, LuxR-type proteins possess two distinct functional domains, a carboxy-terminal HTH DNA-binding domain related to HTH domains found in a subgroup of two-component signal transduction effector proteins characterized by Escherichia coli NarL (7, 25) and an amino-terminal autoinducer-binding domain (AIBD) (Fig. 1A) . These proteins recognize 18-to 20-nucleotide palindromic recognition sequences within the promoters of target genes, the prototype of which is the Lux box recognized by the founding member of the family, the LuxR protein from Vibrio fischeri (24) . Functional and structural studies indicate that LuxR-type proteins function primarily as dimers (30, 35) , and analysis of the LasR polypeptide identified two distinct regions of the protein that are necessary for dimerization (9) . One region was located within the HTH domain, and the second was distributed throughout the N-terminal region (9) .
Our initial goal was to generate expression plasmids for LasR-and RhlR-based proteins that can function as transcriptional activators in eukaryotic cells. To do this, we included functional domains from eukaryotic proteins that would permit the bacterial proteins to enter into the nuclei of eukaryotic cells and interact with the transcriptional apparatus. These chimeric proteins contained either the full-length LasR or RhlR coding sequence or the isolated C-terminal HTH domain along with the NLS from the SV40 T antigen and/or one to three copies of the potent TAD from herpes simplex virus protein VP16 (Fig. 1A) .
Each chimeric protein contained an N-terminal FLAG epitope tag for immunological detection, and we first performed immunocytochemical analysis on transfected COS-1 cells to examine the subcellular location of each protein. Initial experiments were performed with the truncated proteins containing the LasR HTH domain to assess the functionality of the NLS in these chimeric proteins. As shown in Fig. 2 , a chimeric protein lacking the NLS (T-LasR HTH) was diffusely localized throughout the transfected cells, while the NLS-containing protein (TN-LasR HTH) was efficiently localized to the nucleus.
We next examined the subcellular location of fusion proteins containing the full-length LasR coding sequence in the absence and presence of autoinducer. A chimeric protein containing three copies of the VP16 TAD and the SV40 NLS (T 3 N-LasR) was used for this experiment. Overall, the number of cells expressing the chimeric full-length LasR protein was lower than that observed previously for the truncated protein; however, the lack of signal was not due to inefficient cell transfection, as similar numbers of cells expressed a green fluorescent protein from a second plasmid that was included as a transfection control in both experiments (data not shown). We were unable to detect any immunofluorescence in the nuclei of transfected cells in the absence of autoinducer; instead, a small number of cells exhibited significant signal in vesicular structures in the cytoplasm (a cluster of three cells is shown in Fig.   3A ). To test whether the lack of nuclear localization of this chimeric protein was due to the absence of autoinducer, separate transfections were performed in which increasing concentrations of PAI-1 or its synthetic analog PAI-1* (see Materials and Methods) (Fig. 1C) were added to the cell culture 4 h after addition of DNA. PAI-1* is a commercially available derivative of PAI-1 that lacks the oxygen attached to the third carbon of the acyl side chain. Previous studies indicated that this derivative functions as a ligand for LasR, albeit with slightly lower affinity (14) . As PAI-1* is more readily available, it was used in these immunofluorescence experiments. Cytoplasmic staining was observed at lower concentrations of PAI-1*; however, the fusion protein was entirely localized to the nucleus in cells exposed to a higher concentration of PAI-1* (compare the 250 and 1,000 M parts of Fig. 3A) .
A similar set of experiments was performed to examine the subcellular distribution of RhlR-based chimeric proteins in the presence or absence of its cognate autoinducer, PAI-2 (Fig.  1C) . As with LasR, a chimeric protein containing only the HTH domain of RhlR (T 3 N-RhlR HTH) was exclusively localized to the nuclei of transfected cells (Fig. 3C) . Conversely, a fusion protein containing the full-length RhlR coding region (T 3 N-RhlR) was excluded from the nucleus of transfected cells cultured in the absence of PAI-2 and was detected in the cytoplasm in a pattern similar to that of LasR (Fig. 3B) . Nuclear accumulation of T 3 N-RhlR was induced upon addition of PAI-2, and the chimeric protein was entirely localized to the nuclei of cells cultured in 100 M PAI-2. The effectiveness of smaller amounts of PAI-2 versus PAI-1* in this assay is probably a reflection of the lower hydrophobicity of PAI-2 due to its shorter acyl side chain. This feature would likely permit the more efficient transit of PAI-2 across the COS-1 cell membrane. In addition, as mentioned above, the synthetic analog of PAI-1 (PAI-1*) is a slightly less potent ligand for LasR than is the natural compound in bacterial assays (14) . Taken together, these data suggest that autoinducer binding to the AIBD is required for synthesis of functional LasR and RhlR proteins in eukaryotic cells. The exclusion from the nucleus of the LasR and RhlR proteins synthesized in the absence of autoinducer may indicate that autoinducer binding is needed for proper protein folding and functionality of the attached NLS. Previous studies on the TraR protein from Agrobacterium tumefaciens indicated that autoinducer binding was required for stabilization of the nascent polypeptide, which was rapidly degraded by an unidentified protease in the absence of autoinducer (35) . In addition, several LuxR-type proteins form insoluble aggregates when overexpressed in E. coli (24) . Further studies are required to elucidate the reason for the cytoplasmic localization of LasR in the absence of autoinducer. Transcriptional activity of LasR-based fusion proteins. To assess the functionality of LasR-based fusion proteins, we constructed a luciferase reporter plasmid containing two copies of a consensus palindromic LasR recognition sequence (Fig. 1B) upstream of the proximal promoter region from the serum albumin gene [(LasBOX) 2 -Luc]. As mentioned above, LuxRtype proteins bind DNA as dimers (or possibly higher-order multimers) and the DNA-binding activity and at least one dimerization interface have been localized to the C-terminal HTH domain of LasR (9) . Therefore, we first performed transcription assays with fusion proteins containing only the LasR HTH, hypothesizing that these proteins should be capable of functioning as autoinducer-independent, constitutive DNAbinding proteins. These experiments addressed the functional requirements for the attached eukaryotic domains (NLS and TAD). Proteins containing the LasR HTH, either alone or combined with the NLS or the TAD, were relatively inactive in these transcription assays, with luciferase activities in cells expressing these proteins only slightly above the background level (Fig. 4) . However, a protein containing both the NLS and the TAD (TN-LasR HTH) exhibited significantly elevated activity, and the inclusion of additional copies of the TAD resulted in increased transcriptional activity proportional to the number of TAD modules. To examine the specificity of this response, additional transfections were performed with a reporter plasmid carrying two copies of a mutated version of the LasBOX [(LasBOXm) 2 -Luc]. Cotransfection with the T 3 NLasR HTH resulted in approximately twofold higher luciferase activity from the mutant reporter plasmid, while this protein was capable of increasing luciferase activity 20-fold on the reporter containing the wild-type LasBOX sequences (Fig. 4) . Thus, the LasR HTH was capable of functionally interacting with its cognate DNA recognition sequence in eukaryotic cells.
Although it is not conclusively demonstrated by this experiment, these data suggest that the protein-protein interface identified in the HTH domain of LasR is sufficient for the formation of functional LasR homodimers.
Next, we examined the transcriptional activity of fusion proteins containing the full-length LasR coding region (Fig. 5) . For this experiment, we used a fusion protein (T 3 N-LasR) containing the SV40 NLS and three copies of the VP16 TAD to maximize its transcriptional potency and tested its activity in the absence or presence of either its cognate autoinducer (PAI-1*) or the RhlR autoinducer (PAI-2) to assess the specificity of ligand-dependent activation. The full-length protein was essentially inactive in the absence of either autoinducer. However, the inclusion of increasing amounts of PAI-1* resulted in a dose-dependent increase (above 250 M) in transcriptional activity. The ligand-dependent activation of T 3 NLasR was not observed when similar concentrations of PAI-2 were added to the medium (Fig. 5 ) or in the presence of the vehicle alone (data not shown). Luciferase activities from the wild-type reporter plasmid [(LasBOX) 2 -Luc] were unaffected by autoinducer in cells transfected with either the reporter plasmid alone or LasR HTH-based plasmids (data not shown). Furthermore, T 3 N-LasR was essentially inactive on the (LasBOXm) 2 -Luc reporter either in the absence or in the presence of PAI-1*. Thus, the specific response of T 3 N-LasR to PAI-1* is likely to be due to direct ligand binding leading to LasR activation.
Previous studies indicated that the effects of PAI-1 on gene expression in mammalian cells were apparent at an autoinducer concentration of 100 M (19, 21) . Therefore, we hypothesized that the requirement for higher concentrations of the synthetic PAI-1* compound was due to the lower potency of this molecule compared to that of the natural autoinducer (14) . To test this idea, additional transfections were performed to directly compare the abilities of PAI-1 and PAI-1* to activate T 3 N-LasR at lower concentrations. As shown in Fig. 6 , addition of 100 M PAI-1 to the medium increased luciferase activities approximately four-to fivefold over the activities observed in the absence of autoinducer. Consistent with our earlier data, PAI-1* had no significant effect at this lower concentration.
In summary, these data show that the two major autoinducer molecules from the human pathogen P. aeruginosa can enter and function in mammalian cells. The concentration of PAI-1 required for efficient activation of the chimeric sensor proteins described above was similar to that previously shown to activate cellular genes such as that for cyclooxygenase 2 in human fibroblasts and epithelial cells (19, 21) . These data therefore support the hypothesis that the effects of autoinducers on the transcription of genes in host cells may result from specific interactions of these bacterial proteins with host proteins, a phenomenon we refer to as global sensing. In addition, we showed that the autoinducers retained their inherent specificity for their cognate receptor proteins in mammalian cells. the putative interactions between bacteria and their eukaryotic hosts. Although specific mammalian receptor proteins for bacterial autoinducers remain to be identified, some clues as to their possible structure have emerged from the recent elucidation of the crystal structure of the TraR protein (30) . These studies revealed that the N-terminal region of TraR that encompasses the AIBD resembled a GAF or PAS domain, which is a smallmolecule-sensing domain found in a large number of mammalian signaling proteins and transcription factors (6) . It is therefore possible that GAF or PAS domain-containing proteins, such as the aryl hydrocarbon receptor and hypoxia-inducible factor transcription factors (6) or mammalian phosphodiesterases (22) , could serve as intracellular receptors for autoinducers. Further studies to identify additional target genes for autoinducers in mammalian cells are under way to test the feasibility of this concept.
Several recent studies have begun to elucidate the molecular mechanisms that control activation of LuxR-type proteins by autoinducer binding (see, for example, references 9 and 30). By testing the activity and regulation of LasR and RhlR in mammalian cells, we were able to examine the contributions of individual domains to their function in the absence of potential confounding interactions with other bacterial proteins. First, our data suggest that the C-terminal HTH domain of LasR is sufficient to permit efficient dimerization of LasR-derived chimeric proteins, consistent with earlier studies with bacteria (9) . Second, we showed that the AIBD of either LasR or RhlR functions as a potent inhibitory domain in mammalian cells, and inclusion of these domains resulted in the localization of chimeric proteins to cytoplasmic vesicular structures. The identity of these structures is not clear, but they may be lysosomes or their precursors. Previous studies with bacteria suggested that efficient and correct folding of TraR requires the coordinated binding of autoinducer to the AIBD during polypeptide synthesis and that this protein was improperly folded and unstable when synthesized in the absence of autoinducer (35) . Although this mechanism has not been demonstrated for all LuxR-type proteins, we speculate that the cytoplasmic staining of LasR-and RhlR-based proteins in the absence of autoinducer represents unfolded protein or protein aggregates that accumulate in the cell. Eukaryotic cells possess several quality control systems that recognize and dispose of improperly folded proteins, often culminating in ubiquitylation and degradation in the proteasome (3). By extension, therefore, we propose that proteins synthesized in cells exposed to autoinducer fold correctly and can be transported to the nucleus, where they function as transcription factors. This mammalian expression system should permit the rapid fine mapping of critical residues within specific domains of these proteins that mediate functions such as dimerization and ligand binding and to elucidate the mechanisms by which these domains control the functions of these proteins. In addition, this system will allow direct comparisons between different LuxR-type proteins to identify common and/or unique properties of each protein.
For example, the RhlR-based proteins described here did not function as ligand-inducible transcription factors in cells treated with PAI-2 (data not shown). Previous data indicate that RhlR forms both homodimers and heterodimers with other proteins such as QscR (also known as PhzR), another LuxR protein from P. aeruginosa (10, 11, 31) . Furthermore, RhlR homodimers bind to DNA in the absence of autoinducer and function as transcriptional repressors (11) ; however, these homodimers dissociate in the presence of PAI-2, perhaps permitting the released monomers to form heterodimers that can function as transcriptional activators. Therefore, it is likely that further examination of the intrinsic activity of RhlR in mammalian cells in the absence and presence of autoinducer and of potential heterodimerization partners should reveal important insights into the unique functions of this LuxR homologue.
During the performance of the experiments described here, Neddermann and colleagues (13) reported that a modified version of the TraR protein from Agrobacterium tumefaciens can also function as an autoinducer-regulated transcription factor in mammalian cells. These findings therefore provide further confirmation that bacterial autoinducers can enter mammalian cells. These authors also suggested that this system could potentially be used as an alternative or complement to the widely used tetracycline-inducible system (5) to control protein expression in mammalian cells. In addition, we have found that attachment of the AIBD from LasR to heterologous proteins can confer ligand inducibility on the resulting chimeric proteins (EKP, KPR, and SCW; unpublished observations). Thus, this strategy, which is similar to one previously developed with the ligand-binding domain of the estrogen receptor alpha protein (29) , may also be used to provide tight control of protein activity in mammalian cells. Regulatory proteins from QS systems of different bacteria may therefore have important and powerful biotechnological applications, which will undoubtedly be enhanced by detailed analysis of the functions of these proteins in mammalian cells.
